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Abstract
Traumatic brain injuries (TBI) affect millions of people each year. While
research has been dedicated to determining the mechanical properties of the
uninjured brain, there has been a lack of investigation on the mechanical
properties of the brain after experiencing a primary blast-induced TBI. In
this paper, whole porcine brains were exposed to a shock wave to simu-
late blast-induced TBI. First, ten (10) brains were subjected to unconfined
compression experiments immediately following shock wave exposure. In ad-
dition, 22 brains exposed to a shock wave were placed in saline solution and
refrigerated between 30 minutes and 6.0 hours before undergoing unconfined
compression experiments. This study aimed to investigate the effect of a time
delay on the viscoelastic properties in the event that an experiment cannot
be completed immediately. Samples from both soaked and freshly extracted
brains were subjected to compressive rates of 5, 50, and 500 mm/min during
the unconfined compression experiments. The fractional Zener (FZ) vis-
coelastic model was applied to obtain the brain’s material properties. The
length of time in the solution statistically influenced three of the four FZ
coefficients, E0 (instantaneous elastic response), τ0 (relaxation time), and α
(fractional order). Further, the compressive rate statistically influenced τ0
and α.
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1. Introduction
Traumatic brain injury (TBI) occurs when the brain is accelerated or de-
celerated due to blunt or blast trauma. TBI due to blunt trauma includes
injury sustained to the head during American football game play, while blast-
induced TBI (bTBI) describes head injury resulting from detonated impro-
vised explosive devices (IEDs) in a war setting. Following detonation of the
IEDs, the resulting shock wave travels through the atmosphere and can prop-
agate through the head of an individual in its path. This injury to the brain,
classified as primary bTBI, is caused from the shock wave itself (Nakagawa
et al., 2011).
Each year, TBIs in the United States result in an estimated 1.365 million
emergency room visits, 275,000 hospitalizations, and an economic burden ex-
ceeding $60 billion dollars (Daneshvar et al., 2011). Approximately 75% of all
TBIs in the United States are classified as mild (National Center for Injury
Prevention and Control, 2003). Symptoms of mild TBI include temporary
confusion or memory loss around the time of injury, or loss of consciousness
for less than 30 minutes (National Center for Injury Prevention and Control,
2003). However, the effects of mild TBI on a patient’s behavior and employ-
ment can span decades (National Center for Injury Prevention and Control,
2003). In the short term, 34% of patients who were employed at the time of
a mild TBI were unemployed three months later (Rimel et al., 1981). A year
after a TBI, previously-employed patients reduced their unemployment rate
to 9% (Guthkelch, 1979). Even so, TBI patients were 1.8 times more likely
to report binge drinking, defined as having five or more drinks on a single
occasion, relative to the general population (Horner et al., 2005).
Diffusion tensor imaging (DTI) has been utilized as a method to monitor
water diffusion patterns, as a means to track changes in the structure of the
brain’s white matter in patients with acute concussions (Bazarian et al., 2012;
Lancaster et al., 2016). The DTI technique has been crucial for determining
the differences in the brain’s white matter as a result of a sports-related
concussion. Bazarian et al. (2012) concluded that the white matter in athletes
with concussions underwent three times as much change over a three month
period as those of athletes without a concussion. However, the authors of this
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study could find no previous studies that examined the mechanical response
of brain tissue after a TBI. Instead, the literature shows researchers who have
studied brain tissue using both experimental and computational methods
to evaluate the mechanical response of uninjured brain tissue subjected to
compression, tension, and shear (Bentil and Dupaix, 2014; Budday et al.,
2017; Darvish and Crandall, 2001; Hrapko et al., 2006; Jin et al., 2013; Miller
and Chinzei, 2002; Rashid et al., 2013; Velardi et al., 2006; Zhao et al., 2018).
By characterizing the mechanical behavior of the injured brain, researchers
will be able to predict the brain’s response to blast or blunt head trauma.
Additionally, the injured brain’s mechanical response will ultimately allow for
(i) the design of improved protective equipment to prevent TBI and (ii) the
development of diagnostic tools to help physicians and clinicians determine if
a TBI has occurred, which will in turn allow for (iii) a personalized treatment
plan to be designed for the patient.
The study in this paper considered the material properties of brain tissue
both immediately after shock wave exposure and after being placed in normal
saline (0.9% NaCl) and refrigerated between 30 minutes and 6.0 hours. The
refrigerated brains were exposed to a shock wave and placed in the saline
solution in order to examine the effect of a time delay on the mechanical
response, in the event that researchers cannot immediately conduct exper-
iments after the brains are exposed to a shock wave. Tissue samples from
both the soaked and freshly extracted (unsoaked) brains underwent uncon-
fined compression tests performed at compressive rates of 5, 50, and 500
mm/min.
The fractional Zener (FZ) constitutive model coefficients were optimized
using the unconfined compression experimental data gathered for the soaked
and unsoaked shock wave exposed (SWE) brain samples. The FZ model
uses four coefficients/parameters to quantify the brain tissue’s stiffness prop-
erties, relaxation time, and viscoelasticity (Bentil and Dupaix, 2014, 2018;
Davis et al., 2006). This research will contribute to the understanding of
how injured and/or damaged brain tissue behaves under varying compres-
sive loading conditions. Additionally, this work will lay the foundation for the
development of improved preventative measures against TBI and treatment
strategies for TBI patients.
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2. Method and Theory
2.1. Sample Preparation
This study examined the mechanical properties of 32 fresh porcine brains,
which were extracted from the skulls of six-month-old pigs obtained from a
local abattoir. The constant age of the pigs limited any developmental differ-
ences between the examined brains. Although the porcine brains are smaller
in size than humans, the vascular system, gyri, and sulci are anatomically
similar to the human brain and structurally equivalent to a four-year-old hu-
man (Prange and Margulies, 2002; Sa¨ljo¨ et al., 2008; Thibault and Margulies,
1998). Porcine brain tissue was also chosen due to its availability, compared
to human brain samples. As a result, all tests were completed within 12 hours
postmortem to minimize the influence of postmortem time on the material
response (Ayyildiz et al., 2014; Bentil and Dupaix, 2014; Garo et al., 2007).
Each brain was extracted from the skull immediately after the porcine
was harvested; therefore, the brain tissue’s stiffness and hydration was best
preserved (Rashid et al., 2013). After extraction from the skull, each brain
was weighed at room temperature (21◦C) and then glued to a base plate,
which was in turn secured in a clamp such that the brain was 5 mm away
from the end of the shock tube. A 0.177 caliber Crosman Pumpmaster Classic
air pistol served as the driver of a small-scale shock tube and was connected
to a 64-cm long Schedule 40 polyvinyl chloride (PVC) pipe (driven section),
with a nominal size of 1
2
-in. (1.27 cm) (Courtney et al., 2015).
The air pistol and attached pipe, aimed at the temporal lobe of the brain,
was pumped ten (10) times before firing a single shock of air (Figure 1). A
pellet was not used with the air pistol. The reflected shock wave pressure
after 10 pumps was 103.5 – 124.2 kPa (15 – 18 psi), which was measured
using a pressure transducer (PCB 113B24). The pressure transducer was
placed 5 mm away from the end of the pipe. Figure 2 shows the reflected
shock wave’s pressure history over time, as measured by the pressure trans-
ducer. A preliminary study showed that brains exposed to a single shock
wave, produced by the air pistol, resulted in a stress response comparable
to brains that were not exposed to a shock wave when subjected to uncon-
fined compression tests. Thus, in order to increase the simulated primary
bTBI effect, each pig brain was exposed to the shock wave five (5) times,
on either the left or right hemisphere. An example of a scenario involving
repeated shock wave exposure is the detonation of IEDs in a confined space
(e.g. military vehicle or building) (Agoston, 2017). In conjunction with the
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propagating shock wave causing injury to an individual, the reflected shock
wave pressure off the walls of the confined space would also cause additional
bTBI. Exposing the brain to repeated shock waves is a simplification of bTBI
resulting from the detonation of IEDs in a confined space. As a result, the
variable intensities and waveforms of the reflected shock wave pressures are
not considered in the repeated bTBI framework used in this study.
After the shock wave exposure, each brain was prepared for unconfined
compression testing either immediately or after being refrigerated for a pre-
scribed amount of time. The refrigerated brains were placed in a small plas-
tic lidded container with 200 mL of normal saline solution (0.9% NaCl), and
stored in the refrigerator at 12◦C in order to determine the effect of a time
delay on the mechanical properties. The brain’s absorption of the saline so-
lution prevented dehydration and deterioration of the tissue (Hrapko et al.,
2006; Nicolle and Palierne, 2010). After the designated time period in the
refrigerator, ranging from 30 minutes to 6.0 hours, the weight of the refrig-
erated brain tissue and the remaining volume of normal saline solution was
measured. For the 500 mm/min compressive loading rate case, brain tissue
was only tested after 0.5 hours due to tissue availability.
Figure 1: Schematic diagram of shock wave exposure setup. Brain sample (pink ellipse)
is placed on top of the base plate (black rectangle).
To extract samples from each brain, the right and left hemispheres were
separated by cutting through the corpus callosum and midbrain (Rashid
et al., 2013). A single cylindrical brain tissue sample was then cut with
a 25-mm diameter circular steel coring tool from each cerebral hemisphere,
coring from the lateral to medial direction (Figure 3). The height of the brain
sample was recorded. However, due to the brain tissue’s adhesive properties,
the tissue quickly adhered to the cutting tool and prevented clean cuts of the
tissue. As a result, there was some variation in the cross-sectional areas of
the samples (Miller and Chinzei, 2002).
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Figure 2: Pressure history of the reflected shock wave over time, measured 5-mm away from
the end of the pipe. Error bars denote standard deviation for 10 runs at the aforementioned
location.
Brain samples underwent unconfined compression testing within 25 min-
utes of either (i) being exposed to the shock wave, in the case of the unsoaked
samples, or (ii) removal from the normal saline solution, in the case of the
soaked samples.
2.2. Unconfined Compression Testing
The cored brain samples were centered on a stainless steel Peltier bottom
plate of a calibrated TA Instruments Discovery Hybrid Rheometer (HR-2).
The load cell’s normal force sensitivity is 0.005 N. A 25-mm stainless steel
top plate, approximately equivalent in diameter to the sample, was used to
compress the tissue, as shown in Figure 4. Prior to beginning each test,
the height of the rheometer was set to the measured height of the sample
such that the top plate just touched the top of the sample. This procedure
minimized the force placed on the sample outside of the duration of the
experiment. All tests were performed at room temperature (21◦C).
Each sample underwent a single unconfined stress relaxation experiment
consisting of an applied ramp-hold displacement input. The experiment was
6
Figure 3: The black circle, overlaid on the right hemisphere of the porcine brain, illustrates
the region cored.
not repeated on samples due to the softness and viscoelastic properties of
the tissue (Bentil and Dupaix, 2014; Miller and Chinzei, 2002; Rashid et al.,
2013). During the ramp phase, the HR-2’s top plate compressed the sample
to 20% strain, or 80% of its original height, at a constant compressive rate
of either 5 mm/min, 50 mm/min, or 500 mm/min, correlating to average
strain rates of 0.00568/s, 0.0568/s, and 0.568/s, respectively. During the
hold phase, the HR-2 held the sample at a strain rate of approximately 0/s
for two minutes. Specifically, the constant strain rate was conducted by
setting the strain rate to 1×10−5 s−1, the lowest possible strain rate allowed
by the HR-2. Stress relaxation occurs during the hold phase, which results
in a decrease in the brain’s stress response over the hold period.
2.3. Fractional Zener Constitutive Model
Since brain tissue’s behavior is affected by strain rate and displays hys-
teresis, it is best described by a viscoelastic model (Bentil and Dupaix, 2014;
Boudjema et al., 2017; Donnelly and Medige, 1997; Finan et al., 2017; Gal-
ford and McElhaney, 1970; Green et al., 2008; Jin et al., 2013; Klatt et al.,
2007; Kleiven, 2007; Miller and Chinzei, 1997; Rashid et al., 2012; Takhounts
et al., 1999; Tirella et al., 2013). In this study, the fractional Zener (FZ) con-
stitutive model was used to quantify the mechanical behavior of brain tissue
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Figure 4: Schematic diagram of test setup.
during unconfined compression experiments. The FZ model for describing
the stress response of brain tissue is represented by Figure 5 and Equation 1.
σ(t) + τα0 D
ασ(t) = E∞(t) + E0τα0 D
α(t), (1)
where σ is stress,  is strain, t is time, D is the differintegral operator,
E∞ = E1, E0 = E1 + E2, and τα0 = (E3/E2)τ
α. E1, E2, and E3 describe the
elastic constants, τ is the relaxation time, and α is the fractional order for
the single fractional element in the FZ model.
The rheological system in Figure 5, consisting of two springs and a frac-
tional element, can be solved for the stress-strain relationship of brain tissue.
In the FZ model, E∞ represents the brain’s long-term stiffness, E0 the instan-
taneous stiffness of the brain tissue, and τ0 the relaxation time of the brain
tissue after being compressed. Further, α is a parameter of the fractional el-
ement that describes the brain tissue’s location on the viscoelastic spectrum,
with an elastic solid and viscous liquid as the bounds (Bentil and Dupaix,
2014). When α = 0, the fractional element reduces to a spring and describes
an elastic solid. In contrast, when α = 1, the fractional element reduces to a
dashpot and describes a viscous liquid (Bentil and Dupaix, 2014).
The differintegral operator D results in fractional differentiation of order
α, therefore allowing the model to interpolate between viscous (dashpot) and
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Figure 5: Fractional Zener constitutive model. E1 and E2 are the elastic constants for the
springs. The fractional element’s fractional order, elastic constant, and relaxation time is
described by α, E3, and τ , respectively.
elastic (spring) elements. As a result, stress is related to a fractional deriva-
tive of strain (Davis et al., 2006; Schiessel et al., 1995; Scott Blair, 1947). The
use of a fractional element allows the number of coefficients needed to de-
scribe the behavior of the brain tissue to be reduced to four, significantly less
than other viscoelastic models which need additional parameters to capture
the time dependence (Baley and Torvik, 1983; Davis et al., 2006; Kohandel
et al., 2005). As a result of this benefit, the FZ model has previously been
used to describe the viscoelastic behavior of brain tissue having a short fi-
nite cylindrical shape (Bentil and Dupaix, 2014; Davis et al., 2006; Kohandel
et al., 2005). In general, conventional integer-based viscoelastic models can
be broadened for the entire viscoelastic range by replacing the viscous ele-
ments with a fractional element (Davis et al., 2006; Kohandel et al., 2005;
Schiessel et al., 1995). Specifically, the FZ model is equivalent to the tra-
ditional Zener model when α = 1. The FZ constitutive model can also be
implemented in the commercially available finite element software ABAQUS,
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by writing a user-defined material model (UMAT) subroutine as described
in Bentil and Dupaix (2018).
Once the system of springs and dashpot has been solved, the viscosity η
of the brain tissue can be calculated using Equation 2.
η = τα0 E0 (2)
2.4. Statistical Analysis
Statistical analysis was conducted using the statistical software JMP
(JMP, 2015). The significance level for all statistical tests was 0.05. An
Analysis of Variance (ANOVA) was used to determine the effects of the ex-
perimental parameters (i.e. time in solution and compressive rate of SWE
brains) on the solution absorbed, the peak stress (σmax) from the unconfined
compression experiments, and the optimized fractional Zener model coeffi-
cients. A Tukey Honestly Significant Difference (HSD) test was conducted, as
appropriate, to obtain a pairwise comparison of a parameter’s (i.e. factor’s)
levels.
3. Results
3.1. Relationship Between Absorption and Time in Solution
In order to examine the effect of shock wave exposure on the absorptive
properties of the brain, 22 of the 32 total brains extracted were placed in
normal saline solution before undergoing unconfined compression testing.
After being placed in the solution, each brain was refrigerated between 30
minutes and 6.0 hours. The amount of solution was recorded both before
and after the refrigeration period to quantify the amount of absorption.
Figure 6 illustrates the volume of solution absorbed as a function of time
in the solution with the initial mass of the respective brain listed next to
each data point. Over the 0.5 hour soaking period, the difference between
the initial and final amount of solution in the container varied from 3.2 mL
to 7.7 mL. Further, all brains that soaked over 4.5 hours absorbed between
6.5 and 13.0 mL. In general, the volume of normal saline solution that was
absorbed by the brain tissue increased the longer it was in the solution.
The amount of solution absorbed was statistically influenced by the time
in solution (p<0.0001), but not the initial mass of the SWE brain (p=0.7380).
The Tukey HSD test showed that the solution absorbed was statistically
different for SWE brains soaked between 0.5 h and 4.5 h (p<0.0001) and
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0.5 h and 6.0 h (p<0.0001). However, there was not a significant difference
in the solution absorbed for SWE brains soaked between 0.5 h and 1.0 h
(p=0.9725), 1.0 h and 4.5 h (p=0.0747), 1.0 h and 6.0 h (p=0.2833), or 4.5
h and 6.0 h (p=0.1697). Further, the binary interaction between the initial
mass and the time in solution was not statistically significant (p=0.1339). For
example, at the 30 minute time point, a brain weighing 83.950 g absorbed
3.2 mL. However, in the same time period, another brain weighing 84.940 g,
less than 1 g more, absorbed 7.7 mL, more than twice that of the brain
sample weighing 83.950 g. Despite the doubling of the solution absorbed,
the initial masses of the two brain samples were not statistically different.
Figure 6: Volume of normal saline solution absorbed as a function of time in solution (i.e.
absorption time), with the initial mass of the porcine brain denoted next to each asterisk.
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3.2. Peak Stress Behavior
The peak stress (σmax) for the SWE brain, following the ramp phase of
the unconfined compression experiments, increased with the time in solution
(Table 1). For instance, at the 50 mm/min compressive loading rate, the
brain sample with the largest magnitude peak stress soaked in the solution for
6.0 hours, the longest length tested, while the brain sample with the smallest
stress magnitude did not soak in the solution and was tested immediately
(Figure 7). Similarly, at the end of the hold period, the brain samples with
the largest stress soaked in the solution for 4.5 hours, while the brain sample
with the smallest did not soak. Additionally, the peak stress was statistically
influenced by the compressive rate (Table 1).
Figure 7: The average stress relaxation behavior for the unsoaked and soaked brains due
to a 50 mm/min compressive rate. The standard deviation is shown by the shaded area.
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Table 1: Parameters influencing the peak stress for SWE brain tissue during unconfined
compression experiments. A p-value less than 0.05 is statistically significant.
Linear Fixed Effects Peak Stress
Model Parameters σmax
Time in Solution <0.0001
Compressive Rate <0.0001
3.3. Fractional Zener Constitutive Model
The fractional Zener model was applied to each brain tissue sample’s
stress relaxation curve to characterize the elastic and viscoelastic properties
of the shock wave exposed (SWE) pig brain, due to unconfined compression.
The four fractional Zener coefficients (E∞, E0, τ0, and α) were optimized
using a nonlinear least squares method developed from an in-house MATLAB
(MATLAB, 2016) program. In the program, the FZ model (Equation 1) was
first simplified by describing the time-dependent strain (t) using the imposed
ramp-hold displacement input applied to the brain by the top compression
plate (Figure 1). The resulting time-dependent stress σ(t) equation was
then used to fit the experimentally obtained stress-time data, for the ramp-
hold strain input, to obtain the FZ coefficients’ values. The averaged FZ
coefficients and standard deviations can be found in Appendix A. Figure 8
displays a sample model fit for each of the three compressive rates.
Due to gravitational effects, the brain tissue deforms under its own weight
as is typical of complaint materials. Additionally, for materials with viscosity
(e.g brain), the rate of deformation is time dependent. As a result, the brain
sample exhibited an increased nonlinear stress response at the 5 mm/min
compressive rate due to the increased duration required for the rheometer
(HR-2) to compress the tissue to a strain of 20%. This increased duration
yielded a nonlinear stress response during the ramp phase, since time was
provided for the tissue to relax and deform due to gravity. The FZ model’s
ability to fit the ramp period at the slowest compressive rate (5 mm/min)
was limited due to the use of linear springs (E1 and E2), which were unable
to capture the time-dependent changes resulting in an increased nonlinear
(concave up) stress behavior corresponding to the ramp period. The brain
tissue deformation, due to the effects of gravity and relaxation, are minimized
at 50 and 500 mm/min. Therefore, the FZ model is able to better fit the
ramp period at the faster compressive rates.
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Regardless of the fit level for the ramp period, the FZ model was able
to fit the hold period at all compressive rates. Since the intent of these
experiments was to obtain the stress relaxation behavior attributed to the
hold period, the FZ model results from the 5 mm/min tests were not excluded
since the FZ model is able to account for the time-dependent changes during
the hold period at all compressive rates, regardless of the fit level during the
ramp period. The samples had an average residual of -0.4662 Pa from the
fitted model, and a standard deviation of 5.92 Pa across all samples. All
individual samples had an average hold residual under |2 Pa| from the fitted
model. The residual over the hold period was specifically considered because
the FZ model aimed to describe the relaxation behavior after the peak stress
had been reached (Figure 8).
The optimized FZ coefficients at 5 mm/min for SWE brains are within
the same order of magnitude as the FZ coefficients obtained by Bentil (2013),
for non-shock wave exposed (NSWE) postmortem swine brain tissue. Bentil
(2013) subjected NSWE brains in their study to unconfined compression at 5
mm/min compressive loading rate and 10% strain, and obtained the following
coefficients: E∞ = 442 Pa, E0 = 3520 Pa, τ0 = 7.62 s, and α = 0.624. For
the 5 mm/min compressive rate, the unsoaked SWE brains in this study
varied by a percent difference of less than 5% for E∞ and α, yet differed by
42% and 85% for E0 and τ0, respectively, when compared with the non-shock
wave exposed (NSWE) FZ coefficient values provided by Bentil (2013). The
differing values for the instantaneous stiffness (E0) and relaxation time (τ0)
may be attributed to the different strain-level considered (10% versus 20%)
and shock wave exposure condition (SWE versus NSWE).
The FZ coefficients, describing the mechanical properties of SWE brain
tissue, were analyzed using the statistical software JMP (JMP, 2015). As
shown in Table 2, E0, τ0, and α were found to be statistically influenced by
the length of time in the solution. Further, two of the four coefficients, τ0
and α, were statistically influenced by the compressive rate.
Figure 9 shows how the average fractional Zener coefficients change as
the applied compressive rate and duration of the time in solution increase.
The results show that E∞ is unaffected by either the length of time in the
solution or the compressive rate, as evidenced in Figure 9 and the statistically
insignificant result in Table 2. Figure 10 provides the average fractional
Zener coefficients with respect to the compressive rate and soaked state of
the SWE brain. E0 decreases as the compressive rate is increased among
both soaked and unsoaked brains, as observed from Figure 10. Further, τ0
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Table 2: Parameters influencing FZ coefficients for SWE brain tissue. A p-value less than
0.05 is statistically significant.
Statistical Significance of
Fractional Zener Coefficients
Linear Fixed Effects
Model Parameters E∞ E0 τ0 α
Time in Solution 0.1704 <0.0001 0.0473 0.0157
Compressive Rate 0.8321 0.0550 <0.0001 <0.0001
was less influenced by the length of time in the solution when compared
with the compressive rate. This is clearly seen in Figure 10c by the notably
larger values for 500 mm/min than either of the two slower compressive rates.
Among soaked brains, τ0 was 2.10 and 3.40 times larger at 500 mm/min than
5 or 50 mm/min, respectively. Similarly, among unsoaked brains, τ0 was 2.16
and 3.59 times larger at 500 mm/min than 5 or 50 mm/min, respectively.
3.4. Viscosity of Brain Tissue
Given the FZ coefficients found above, the viscosity of the brain tissue
was calculated using Equation 2 for the samples that underwent unconfined
compression testing at 5 mm/min and 20% strain. The calculated viscosity
was compared to the viscosity calculated using the FZ coefficients optimized
by McCarty et al. (2019) and Bentil (2013) for unsoaked, non-shock wave
exposed (NSWE) brain tissue in similar stress relaxation experiments at 5
mm/min (Table 3). McCarty et al. (2019) also provided FZ coefficients for
soaked, NSWE brains. Bentil (2013) obtained the following FZ coefficients
for the cored NSWE brains with a 15-mm diameter and 12-mm height that
were compressed to 10% strain: E∞ = 442 Pa, E0 = 3520 Pa, τ0 = 7.62 s,
and α = 0.624. McCarty et al. (2019)’s reported FZ coefficients for 25-mm
diameter soaked and unsoaked NSWE brains compressed to 20% strain at
5 mm/min (0.00548/s) were: (i) Soaked: E∞ = 606 Pa, E0 = 7390 Pa,
τ0 = 4.49 s, and α = 0.632, and (ii) Unsoaked: E∞ = 595 Pa, E0 = 6230 Pa,
τ0 = 3.61 s, and α = 0.627.
For comparison of the calculated viscosity of SWE and NSWE brains, it
is noted that the viscosity of coal-tar is 20 billion times the viscosity of water
(1 mPa · s at 20 ◦C) (Johnston, 2013). Among the SWE brains, an ANOVA
with a post-hoc Student’s t-test analysis and significance level of 0.05 showed
15
(a) (b)
(c)
Figure 8: A FZ curve with the corresponding experimental data, for a compressive rate of
(a) 5 mm/min, (b) 50 mm/min, and (c) 500 mm/min.
that the viscosity for soaked and unsoaked brains are statistically different
(p=0.0096). The soaked, SWE brains were 47% more viscous than the un-
soaked, SWE brains. Further, among soaked tissue, the SWE tissue was 23%
more viscous than the NSWE tissue tested by McCarty et al. (2019). Sim-
ilarly, the unsoaked, SWE tissue was 38% more viscous than the unsoaked,
NSWE tissue from the experiments by McCarty et al. (2019). The viscosity
calculated for unsoaked, NSWE brain (via the FZ coefficients optimized by
McCarty et al. (2019) at 20% strain) is higher than the unsoaked, NSWE
brain found by Bentil (2013) at 10% strain. The increased strain level in
the experiments by McCarty et al. (2019) led to an increased instantaneous
modulus value, and thus the increased value for the calculated viscosity.
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Figure 9: Compressive rate and time in the solution for the averaged fractional Zener
coefficient described by (a) E∞, (b) E0, (c) τ0, and (d) α. Error bars represent the
standard deviation.
Table 3: Viscosity of brain tissue during unconfined compression tests at 5 mm/min.
Exposure State Soaked State Strain Level Viscosity (Pa · s)
SWE Soaked 20% 14690 ± 4581
SWE Unsoaked 20% 9995 ± 1706
NSWE Soaked 20% 18120 ± 5671 (McCarty et al., 2019)
NSWE Unsoaked 20% 13800 ± 3641 (McCarty et al., 2019)
NSWE Unsoaked 10% 12500 ± 1054 (Bentil, 2013)
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Figure 10: Compressive rate and soaking state of the brain for the averaged fractional
Zener coefficient described by (a) E∞, (b) E0, (c) τ0, and (d) α. Error bars represent the
standard deviation.
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4. Discussion
Shock wave exposed (SWE) brain tissue samples from 32 brains were
subjected to unconfined compression tests at compressive rates of 5, 50, and
500 mm/min. Samples from 22 porcine brains were placed in normal saline
solution and refrigerated for a designated period of time, therefore investi-
gating the effect of a time delay on the mechanical properties in the event
that an experiment cannot be completed immediately. A fractional Zener
viscoelastic model was used to obtain the material properties of the brain.
For the brains stored in normal saline solution and refrigerated, the results
showed a statistically significant relationship between the time in solution
and three of the four fractional Zener coefficients (E0, τ0, and α) describing
the stress response of porcine brain tissue. The compressive rate statistically
influenced two of the four FZ coefficients, τ0 and α, with the p-value of E0
(p=0.055) slightly greater than the significance threshold of 0.05. Since the
relaxation time and fractional order were statistically influenced by the com-
pressive rate, this may indicate that the fractional Zener model may require
modification by including additional time-dependent term(s) to accurately
model the brain’s mechanical response across a wide range of strain rates.
An additional fractional element(s) will be considered in the future, to in-
troduce more time-dependent term(s) in a modified FZ constitutive model.
This modified FZ model is expected to yield stress-time curves that can also
capture the influence of gravity and relaxation on the brain’s deformation,
during the ramp phase at both low and high strain rates. Ideally, the set
of intrinsic material parameters for a constitutive model would hold true
for a material’s response, regardless of compressive rate. However, a single
set of FZ coefficients were not able to fit the stress response data across all
compressive rates considered due to challenges resulting from the unconfined
compression experiments with the inhomogeneous brain material.
For instance, porcine brain samples tested at given compressive rates,
after similar time in solution, show a consistent stress relaxation curve over
time. The peak magnitude of the stress relaxation curve increases as the
length of time in the solution increases, as shown in Figure 7. Variability
among the stress relaxation may be a result of the initial stresses applied
to each sample before beginning the unconfined compression experiments
(Hrapko et al., 2008). In order to secure the sample between the plates of
the rheometer, a preload between 0.01 N and 0.08 N was applied prior to the
beginning of each experiment. The preload translated to an initial stress,
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which may have resulted in both a stiffer response during loading and after
relaxation (Hrapko et al., 2008). As a result, the minimum amount of preload
was applied while still allowing the brain sample to touch both plates.
There were inherent challenges to the experimental set-up, such as ob-
taining an accurate height measurement of the brain. Measurements taken
immediately after coring a brain sample became obsolete after placement of
the sample on the bottom Peltier plate. Therefore, cored brain samples were
tested immediately after coring to minimize the variability of the mechanical
response due to the tissue collapsing under the force of gravity. In addition,
the rheometer used in these experiments was affixed with smooth stainless
steel top and bottom plates. Due to the brain tissue’s viscous properties,
there is no guarantee that the tissue evenly adhered to the top plate. If only
a section of the tissue adhered to the top plate, a small initial stress could
have resulted (Cheng et al., 2008). Previous studies have used lubricants to
establish uniform boundary and loading conditions (Cheng et al., 2008).
The differences in the measured material properties may instead be a re-
sult of differences in the ratio of gray and white matter in the cored sample,
and be minimally affected by the preload. Due to the brain’s inhomogeneous
structure, the material properties within the brain vary between anatomical
regions and the composition of white or gray matter. For example, white
matter from the corpus callosum and corona radiata has been found to be
stiffer than the gray matter of the cortex and thalamus (Jin et al., 2013). In
direct contrast, gray matter from the thalamus has also been found to be 1.3
times stiffer than the white matter found in the corpus callosum (Prange and
Margulies, 2002). As a result, the proportions of gray and white matter must
be consistent in order to accurately compare the stress relaxation response
between different brain tissue samples (Budday et al., 2017; Boudjema et al.,
2017; Finan et al., 2017; Jin et al., 2013; Prange and Margulies, 2002). In
this study, samples were extracted from the same region of the brain while
striving for a consistent anatomical structure. Even so, some variance in the
distribution of gray and white matter of the cored sample still existed. Due
to the aforementioned challenges (e.g. application of a preload, degree of
brain adhesion on the top plate, and composition of white and gray mat-
ter) influencing the measured stress response at each compressive rate, the
material parameters for the FZ model were provided as an average with a
standard deviation.
As shown in Table 3, the viscosity of unsoaked, SWE brain tissue was less
than the viscosity of unsoaked, NSWE tissue during unconfined compression
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tests at 5 mm/min. One possibility for the low viscosity of the unsoaked,
SWE brain is that the connecting tissue was damaged during the shock wave
exposure, therefore resulting in tissue that was more compliant to defor-
mation. The literature reports that neuronal cell damage (e.g. structural,
capillary hemorrhages, and vascular leakages from disruption of the blood
brain barrier), following blast exposure, can lead to a more compliant brain
tissue (Kabu et al., 2015; Laksari et al., 2014; Cernak, 2017). Further, the
soaked and unsoaked SWE tissue was 23% and 38% more viscous than the
corresponding NSWE tissue found by McCarty et al. (2019), respectively.
While the unsoaked, SWE tissue underwent unconfined compression exper-
iments immediately after shock wave exposure, the soaked, SWE brain was
placed in saline solution for 0.5 – 6.0 hours between shock wave exposure and
undergoing compression experiments. Thus, the high viscosity of the soaked,
SWE brain tissue may be due to increased postmortem time or the addition
of the absorbed saline solution. This observation is supported by the delayed
shear experiments conducted on bovine liver tissue by Ayyildiz et al. (2014),
where the storage (elastic component) and loss (viscous component) moduli
was found to increase as the amount of time stored in a solution increased.
Fresh human brain tissue is approximately 30% stiffer than porcine brain
tissue (Prange and Margulies, 2002). However, the human brain tissue sam-
ples acquired in Prange and Margulies (2002)’s study were the result of tem-
poral lobectomies performed on epilepsy patients, leading to the possibility
of differences in stiffness between healthy and diseased human brain tissue.
In order to apply the FZ coefficients for uninjured porcine brains to human
brain tissue, the FZ coefficients E∞ and E0 can increase at most to 30%. For
SWE human brains, the appropriate stiffness values for E∞ and E0, along
with τ0 and α, will need to be quantified following future experiments.
5. Conclusion
Whole porcine brains were exposed to a shock wave five times in succes-
sion, on either the left or right hemisphere, to investigate the properties of
the brain after a bTBI. After exposure, ten (10) brains were tested imme-
diately and the remaining 22 were placed in saline solution and refrigerated
between 30 minutes and 6.0 hours to determine the effect of a time delay on
the mechanical properties. After the designated time period, tissue samples
from both the soaked and freshly extracted brains (unsoaked) were subjected
to unconfined compression tests performed at compressive rates of 5, 50, and
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500 mm/min. In order to mimic a stress relaxation experiment, the samples
were compressed to 20% strain and then allowed to relax at that strain level.
A fractional Zener constitutive model was used to obtain the material
properties for the brains. The length of time in the solution statistically
influenced three of the four FZ coefficients, E0, τ0, and α. Further, the
compressive rate statistically influenced τ0 and α. When the viscosity of the
tissue was calculated using the fractional Zener coefficients, the viscosity of
the unsoaked, SWE brain tissue was lower than the unsoaked, NSWE brain
tissue found by Bentil (2013), potentially due to the tissue damage as result
of the shock wave exposure. In contrast, the soaked, SWE brain tissue had
higher viscosity than the unsoaked, NSWE brain tissue, which may result
from the increased postmortem time as a result of the soaking period. This
is the first study the authors are aware of that examined the mechanical
response of brain tissue after shock wave exposure. Thus, the results of this
study will advance the knowledge of the effect of TBI on the mechanical
properties of brain tissue.
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Appendix A.
Tables A.1 and A.2 display the average fractional Zener coefficient values
(and corresponding standard deviation) for various combinations of compres-
sive rates, time in the saline solution, and soaked state.
All values in the tables below describe brain tissue subjected to shock
wave impact.
Table A.1: Average ± Standard Deviation values for the Fractional Zener Coefficients
versus Compressive Rate and Soaked State of the Brain
Compressive
Rate
Time
in Solution
E∞ (Pa) E0 (Pa) τ0 (s) α
5 mm/min 0.0 Hours 426 ± 110 5380 ± 520 2.69 ± 0.38 0.623 ± 0.022
5 mm/min 0.5 Hours 599 ± 289 6690 ± 2570 2.64 ± 0.55 0.603 ± 0.016
5 mm/min 4.5 Hours 619 ± 122 9100 ± 2440 2.72 ± 0.56 0.599 ± 0.014
5 mm/min 6.0 Hours 725 ± 144 7770 ± 1590 3.50 ± 0.42 0.619 ± 0.010
50 mm/min 0.0 Hours 583 ± 230 4770 ± 1440 1.62 ± 0.16 0.567 ± 0.026
50 mm/min 0.5 Hours 506 ± 50 3980 ± 560 1.96 ± 0.26 0.554 ± 0.027
50 mm/min 1.0 Hours 390 ± 96 3030 ± 658 2.23 ± 0.41 0.565 ± 0.020
50 mm/min 4.5 Hours 802 ± 175 8800 ± 2130 1.32 ± 0.28 0.515 ± 0.022
50 mm/min 6.0 Hours 485 ± 178 6620 ± 2690 1.87 ± 0.83 0.541 ± 0.029
500 mm/min 0.0 Hours 608 ± 195 4380 ± 1130 5.81 ± 0.99 0.605 ± 0.014
500 mm/min 0.5 Hours 421 ± 206 4750 ± 1100 6.29 ± 0.72 0.616 ± 0.011
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Table A.2: Average ± Standard Deviation values for the Fractional Zener Coefficients
versus Compressive Rate and Soaked State of the Brain
Compressive
Rate
State E∞ (Pa) E0 (Pa) τ0 (s) α
5 mm/min Soaked 653 ± 220 7610 ± 2370 3.00 ± 0.65 0.608 ± 0.016
5 mm/min Unsoaked 426 ± 110 5380 ± 520 2.69 ± 0.38 0.623 ± 0.022
50 mm/min Soaked 534 ± 202 5810 ± 2860 1.85 ± 0.65 0.543 ± 0.031
50 mm/min Unsoaked 583 ± 230 4770 ± 1440 1.62 ± 0.16 0.567 ± 0.026
500 mm/min Soaked 421 ± 206 4750 ± 1100 6.29 ± 0.72 0.616 ± 0.011
500 mm/min Unsoaked 608 ± 195 4380 ± 1130 5.81 ± 0.99 0.605 ± 0.014
Appendix B.
Table B.1 displays the number of samples tested.
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Table B.1: Number of samples tested at each compressive rate and time in solution com-
bination.
Compressive
Rate
Time
in Solution
Number
of Samples
5 mm/min 0.0 Hours 6
5 mm/min 0.5 Hours 8
5 mm/min 1.0 Hours 0
5 mm/min 4.5 Hours 4
5 mm/min 6.5 Hours 8
50 mm/min 0.0 Hours 6
50 mm/min 0.5 Hours 4
50 mm/min 1.0 Hours 4
50 mm/min 4.5 Hours 4
50 mm/min 6.5 Hours 8
500 mm/min 0.0 Hours 8
500 mm/min 0.5 Hours 4
500 mm/min 1.0 Hours 0
500 mm/min 4.5 Hours 0
500 mm/min 6.5 Hours 0
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